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We propose an explanation for the experiment by Schemm et al., Phys. Rev. B 91, 140506 (2015)
where the polar Kerr effect (PKE), indicating time-reversal symmetry (TRS) breaking, was observed
in the hidden-order (HO) phase of URu2Si2. The PKE signal on warmup was seen only if a training
magnetic field was present on cool-down. Using a Ginzburg-Landau model for a complex order
parameter, we show that the system can have a metastable ferromagnetic state producing the PKE,
even if the HO ground state respects TRS. We predict that a strong reversed magnetic field should
reset the PKE to zero.
I. INTRODUCTION
The heavy-fermion material URu2Si2 exhibits a
second-order phase transition from paramagnetism to
a puzzling hidden order (HO) at THO = 17.5 K
1,2,
where the corresponding symmetry breaking has not
been definitively established. Particularly interesting is
the question of whether time-reversal (TR) symmetry
is preserved or broken in the HO phase. Raman spec-
troscopy gives evidence for the spontaneous breaking of
mirror symmetries, so Kung et al.3 interpreted HO as
a chirality density wave that preserves TR symmetry.
However, Schemm et al.4 observed a non-zero polar Kerr
effect (PKE) in the HO phase, indicating possible TR
symmetry breaking5. Here, we attempt to reconcile the
experimental results of Refs. 3 and 4 within a unified
theoretical framework based on an earlier model of HO
developed by Haule and Kotliar in Refs. 6 and 7.
According to Ref. 4, URu2Si2 exhibits zero PKE when
cooled without an applied magnetic field, which is con-
sistent with TR symmetry preservation in the HO phase.
However, when URu2Si2 is cooled in a training magnetic
field up to 2 T, which is then removed at low tempera-
ture, a non-zero PKE is observed on warmup in the HO
phase. Apparently, the external magnetic field induces
magnetism in the material, which is preserved even after
the field has been removed. Schemm et al.4 interpreted
this persistent magnetism as extrinsic in origin, result-
ing from unspecified magnetic states due to strain or de-
fects. While explanations due to sample inhomogeneity
are possible8–11, here we advance an alternative proposi-
tion that the induced magnetism is intrinsic to HO and
would occur even in a perfectly uniform sample.
We approach this problem from the perspective of
the Haule-Kotliar model6,7 characterized by a two-
component complex order parameter. The real part rep-
resents chiral order consistent with the observations of
Ref. 3, whereas the imaginary part represents magnetic
order. Using a modified version of the associated free en-
ergy, we study the interplay and competition between the
two components of the order parameter. We find that,
when the system is cooled in a magnetic field, it may
become trapped at a local minimum of the free energy,
corresponding to a metastable ferromagnetic (FM) state
and exhibiting the PKE. This conjecture of a metastable
FM state is supported by the observation of hysteresis in
direct magnetization measurements in single crystals of
URu2Si2 cooled in zero and non-zero fields
12.
Our proposition can be tested by applying a reversed
magnetic field at low temperature. We predict that,
when the reversed field exceeds a certain threshold, the
system will make an irreversible transition from the
metastable FM to the true HO ground state, thereby re-
setting the PKE (or magnetization) to zero. In contrast,
an extrinsic FM would change sign in a reversed mag-
netic field instead of being eliminated. An experimental
verification of this prediction would be a crucial test of
the metastable intrinsic FM scenario and would qualita-
tively discriminate it from other possible explanations of
the induced PKE.
II. HAULE-KOTLIAR MODEL
URu2Si2 is a body-centered tetragonal crystal, where
uranium atoms are arranged in square-lattice layers per-
pendicular to the c axis. The crystal has a four-fold rota-
tional symmetry about the c axis and four vertical mirror
planes (VMP) through the c axis. According to Ref. 6,
the 5f2 electrons of the uranium atoms have the ground
state |A2〉 = i(|4, 4〉− |4,−4〉)/
√
2 and the lowest excited
state |A1〉 = cosφ(|4, 4〉+ |4,−4〉)/
√
2 + sinφ |4, 0〉, writ-
ten in the angular momentum basis |J, Jz〉, where the z
axis is taken along the c axis, and φ ≈ 0.37pi. Inelastic
non-resonant X-ray spectroscopy supports the conjecture
that |A1〉 and |A2〉 are indeed the low-lying states of the
system13.
A model Hamiltonian H consistent with both VMP
and TR symmetries can be constructed7 using Pauli ma-
trices {σxj , σyj , σzj } in the basis of |A2〉j and |A1〉j at each
uranium site labeled by coordinate j:
H =
∑
〈j,k〉
[Jxjkσ
x
j σ
x
k + J
y
jkσ
y
j σ
y
k ]−
∑
j
[∆σzj + bσ
y
j ]. (1)
Here 2∆ = 35 K is the energy splitting of the A1 and A2
states14, b = µeffB is the energy of interaction with an ex-
ternal magnetic field B applied along the c axis, and the
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2amplitudes Jx,yjk describe interaction between the nearest
neighboring sites 〈j, k〉. The Pauli matrices transform as
σx,y → −σx,y and σz → σz, upon VMP reflections be-
cause |A2〉 is odd and |A1〉 is even. Thus, the first two
terms in H are bilinear in σx,y, and the third term is
linear in σz. Additionally, σy → −σy upon TR due to
complex conjugation, so σy couples linearly to the mag-
netic field in the last term.
At low temperature, the system described by Eq. (1)
may undergo a phase transition that breaks VMP sym-
metries and results in hybridization of the even |A1〉 and
odd |A2〉 states. It is characterized by the anomalous
average
ψj = 2 〈A1|j ρ |A2〉j = Tr[ρ(σxj + iσyj )] = ψxj + iψyj , (2)
where ρ is the density matrix, whereas ψxj = 〈σxj 〉 and
ψyj = 〈σyj 〉 are the real and imaginary parts of the com-
plex order parameter ψj . The real part represents HO
and is equivalently characterized by a non-zero expec-
tation value ψxj = −Tr[ρJxJy(J2x − J2y )]/8 cosφ of the
hexadecapolar operator6, which is antisymmetric with
respect to VMP reflections and symmetric with respect
to TR. The associated ground state is a real superposi-
tion of |A2〉j and |A1〉j asymmetric with respect to VMP
reflections, so it breaks chiral symmetry3 but preserves
TR symmetry. The imaginary part of the order param-
eter ψyj = Tr[ρJz]/4 cosφ represents a magnetic moment
along the c axis and is non-zero for a complex superposi-
tion of |A2〉j and |A1〉j . Below, we analyze the emergence
of the chiral and magnetic orders using a mean-field the-
ory.
In the mean-field approximation σαnσ
β
m → ψαnσβm +
σαi ψ
β
m − ψαnψβm, the free energy at temperature T = 1/β
is given by
F =
∑
j
γ(ψxj ψ
y
j )
2 − T ln [cosh (βλj)]−
∑
〈j,k〉
α=x,y
Jαjkψ
α
j ψ
α
k
λj =
√√√√∆2 +(∑
k
Jxjkψ
x
k
)2
+
(∑
k
Jyjkψ
y
k − b
)2
. (3)
Here we have introduced the additional term γ(ψxj ψ
y
j )
2
with γ > 0 to discourage on-site co-existence of the chiral
and magnetic orders, which is necessary to account for
the first-order phase transition between HO and antifer-
romagnetism (AF) under pressure1.
Elastic neutron scattering in the high-pressure AF
phase15,16 reveals a magnetic order that is uniform within
layers, but staggered between adjacent layers, thus dou-
bling the unit cell along the c axis. A similar c-axis pe-
riod doubling is also discussed for the HO phase, based
on ARPES measurements17 and the “adiabatic conti-
nuity” between the HO and AF phases seen in resis-
tivity studies18,19. Therefore, we take HO to be stag-
gered, ψxn = (−1)nψHO, as a function of the layer num-
ber n, in agreement with the notion of a chirality den-
sity wave3. Similarly, we decompose the magnetic or-
der into the uniform and staggered components, ψyn =
ψFM + (−1)nψAF, representing FM and AF. Then, we
rewrite Eq. (3) in terms of the three order parameters
ψHO, ψAF, and ψFM coupled to the effective interaction
constants Jα± = −(4Jα‖ ±8Jα⊥), where Jα‖ < 0 and Jα⊥ > 0
are the intralayer and interlayer values of Jαij . Positive
values of the interaction amplitudes Jx− > J
y
− > J
y
+ > 0
favor HO over AF over FM.
III. COMPETITION OF HIDDEN ORDER AND
ANTIFERROMAGNETISM
Equation (3) was used in Ref. 7 to study the interplay
between HO and AF as a function of pressure in the
absence of magnetic field. In this case ψFM = 0, and free
energy per site f = F/N (N is the site count) is
f [ψHO, ψAF] = J
x
−ψ
2
HO + J
y
−ψ
2
AF + γψ
2
HOψ
2
AF (4)
−T ln
[
cosh
(
β
√
∆2 +
(
Jx−ψHO
)2
+
(
Jy−ψAF
)2)]
.
Let us examine how the energy landscape given by
Eq. (4) changes with the decrease of temperature for
points A, B, and C on the schematic phase diagram
in Fig. 1. In Figs. 2(a)-(c) we show contour plots of
f [ψHO, ψAF] vs. ψHO on the horizontal axis and ψAF
on the vertical axis. The red arrows in Fig. 2 indicate
the state of the system during the described evolution.
At point A for T > THO, the system is at the energy
minimum ψHO = ψAF = 0 as shown in Fig. 2(a). At
point B for T = 15.3 K < THO, the minimum at the
origin splits into two degenerate minima on the horizon-
tal axis shown in Fig. 2(b). Consequently, the system
spontanelously breaks symmetry and acquires ψHO 6= 0
via a second-order phase transition. Using the condi-
tion ∂2f/∂ψ2HO = 0 at ψHO = ψAF = 0 for the tran-
sition temperature THO = 17.5 K, the interaction con-
stant Jx− = 2∆/ tanh(∆/THO) ≈ 46 K can be deduced7.
At a lower temperature, such as T = 3 K for point C,
the free energy develops a second pair of shallower (lo-
cal) minima along the vertical (magnetic) axis as shown
in Fig. 2(c), but the system stays at one of the global
minima with ψHO 6= 0 and ψAF = 0. Under pres-
sure, the AF minima on the vertical axis become deeper
than the non-magnetic minima on the horizontal axis,
so the system undergoes a first-order phase transition
from HO to AF with ψAF 6= 0 and ψHO = 0 at high
pressure7. To explain the first order of the phase tran-
sition, we choose a large enough γ ≈ 64 K to ensure
an energy barrier separating the minima on the mag-
netic and non-magnetic axes. This picture is supported
by Raman spectroscopy20 in Fe-doped URu2Si2, where
optically-induced transitions between the HO and AF
minima in the energy landscape were observed. Using
the value TAF = 15 K extrapolated to ambient pressure
7
and its associated condition ∂2f/∂ψ2AF = 0 at the origin,
we deduce Jy− = 2∆/ tanh(∆/THO) ≈ 43 K.
3FIG. 1. Phase diagram for the free energy in Eq. (5) as a
function of magnetic energy b and temperature T . The num-
bers in circles and the degree of shading indicate the number
of minima of f [ψHO, ψFM]. Every shaded domain has two
degenerate HO minima with |ψHO| 6= 0 and may have one
or two FM minima with ψFM > 0 or ψFM < 0, as schemat-
ically indicated around T = 10 K. The HO (FM) minima
have lower energy to the left (right) of the dashed first-order
transition line labeled I. The solid line labeled II represents
a second-order phase transition from paramagnetism to HO.
Blue, red, and green lines represent the Zero-Field Cooling
(ZFC), High-Field Cooling (HFC), and Field-Reversal Test
(FRT) protocols.
IV. COMPETITION OF HIDDEN ORDER AND
FERROMAGNETISM
Contributions to the PKE from alternating AF layers
cancel out in the bulk, but the contribution from the
surface layer may produce a non-zero PKE21. However,
its sign cannot be trained by a uniform external magnetic
field22, so the AF scenario is not a viable explanation for
the experiment in Ref. 4. Thus, we turn our attention
to non-staggered FM order ψFM. The training magnetic
field B couples to it linearly in Eq. (1), thus lowering
the energy of the FM state and making it competitive
with HO. In contrast, AF has higher energy than HO at
ambient pressure, so we set ψAF = 0, and the free energy
per site in Eq. (3) becomes
f [ψHO, ψFM] = J
x
−ψ
2
HO + J
y
+ψ
2
FM + γψ
2
HOψ
2
FM (5)
−T ln
[
cosh
(
β
√
∆2 +
(
Jx−ψHO
)2
+
(
Jy+ψFM + b
)2)]
.
Eq. (5) differs from Eq. (4) by the coefficient Jy− → Jy+
and the presence of magnetic energy b. The difference
between Jy+ and J
y
− is only due to the small interlayer
coupling Jy⊥, so J
y
+ still has a positive sign favorable for
FM. Since the value of Jy⊥ is unknown, we take J
y
+ ≈ 43 K
as an estimate. The observation of a FM phase in Re,
Tc, and Mn doped samples23–26 indicates that FM can,
indeed, be a close competitor of HO.
Let us compare two experimental protocols employed
in Ref. 4 for going from point A to point C in Fig. 1:
zero-field cooling (ZFC) via A-B-C and high-field cool-
ing (HFC) via A-D-E-F-G-C. The energy landscape of
Eq. (5) at points A, B, and C is shown in Fig. 2(a)-(c)
and has already been discussed below Eq. (4), but now
the vertical axis represents ψFM instead of ψAF. During
ZFC, the system undergoes a second-order phase transi-
tion to the HO ground state with ψHO 6= 0 and ψFM = 0,
and stays there as temperature decreases.
Now let us consider HFC starting at point A, where
the energy minimum is located at ψHO = ψFM = 0
as shown in Fig. 2(a). Next, a training magnetic field
b = 0.4 K is applied (point D in Fig. 1) shifting the en-
ergy minimum in the FM direction ψFM > 0 as shown
in Fig. 2(d). At point E with T = 15.3 K, the free en-
ergy develops two shallow degenerate HO minima, but
the system stays in the pre-existing FM global minimum
as shown in Fig. 2(e). At nearby point F with T = 15 K,
the HO minima become deeper than the FM minimum
as seen in Fig. 2(f), but the energy barriers prevent a
transition. So, the system stays in the metastable FM
minimum all the way down to T = 3 K at point G,
as shown in Fig. 2(g). Removing the magnetic field at
T = 3 K takes the system to point C in Fig. 1 while pre-
serving its FM state as depicted in Fig. 2(h). Although
the energy landscape in panel (h) is exactly the same as
in panel (c), the state of the system is different: It is HO
for ZFC and FM for HFC. The metastable FM state is
reached because HFC crosses the first-order rather than
the second-order phase transition line in Fig. 1. Finally,
when temperature is increased along the path C-B-A at
b = 0, the FM metastable state exhibits a non-zero PKE,
as observed on warmup at zero field in Ref. 4.
The theoretical scenario presented above offers a qual-
itative explanation of experiment4 but has shortcom-
ings. First, the experimental PKE persists on warmup to
T > THO, whereas in our model the FM minimum in free
energy disappears at T < THO. Second, the PKE magni-
tude observed in Ref.4 increases with the increase of the
training magnetic field. This feature can be explained
theoretically by considering partial statistical population
of different states in the energy landscape due to thermal
fluctuations. However, further refinements of the model
are beyond the scope of this paper and are left for future
studies.
V. FIELD-REVERSAL TEST
The proposed scenario can be tested by applying a
reversed magnetic field, in the opposite direction rel-
ative to the HFC training field, at low temperature.
When the magnetic energy reaches a critical magnitude
−b1 ≈ −0.22 K corresponding to point H in Fig. 1, the
metastable FM minimum transforms into a saddle point
as shown in Fig. 2(i), so the system makes an irreversible
transition to one of the HO minima indicated by the
4red arrows. This transition can be detected by applying
and removing a progressively increasing reversed mag-
netic field at low temperature, while measuring the PKE
at b = 0 in each cycle.
Instead of using the optical PKE technique, the
metastable FM can also be observed by direct magne-
tization measurements12 using a sensitive probe, such as
a SQUID magnetometer. The magnetic moment in the
FM state can be crudely estimated to be of the same
order as the staggered magnetic moment mAF = 0.3µB
experimentally measured16 in the AF phase. However,
the magnetic moment in the metastable FM state would
be greatly reduced by thermal fluctuations between the
global and local minima in Fig. 2. Therefore, the effective
FM moment is expected to be small, so that direct mea-
surement of magnetization would require high sensitivity,
consistent with the PKE sensitivity. The field-reversal
test of the metastable FM state can also be performed
using direct magnetization measurements.
FIG. 2. Contour plots of the free energy f [ψHO, ψAF] given by Eq. (4) or f [ψHO, ψFM] given by Eq. (5) for points A-H in
Fig. 1. The horizontal and vertical axes represent the non-magnetic, ψHO, and magnetic, ψAF for (a)-(c) and ψFM for (a)-(i),
components of the order parameter. Global minima, local minima, and saddle points are indicated by red disks, orange squares,
and black triangles, while red arrows indicate the state of the system reached following the paths in Fig. 1.
VI. COMPARISON WITH EXPERIMENT
The magnetic energy b1 in the field-reversal test is one
of the several characteristic magnetic energies b1, b2, b3
shown in Fig. 1, indicating qualitative changes in the
free-energy landscape in Fig. 2. The magnetic energy b2
corresponds to the first-order phase transition between
ψHO and ψFM, where the free energy fHO of the HO
minima in Fig. 2 is equal to the free energy fFM of the
FM minimum. The magnetic energy b3 corresponds to
the termination of the metastable HO phase, where the
HO minima in Fig. 2 disappear. Experimentally, HO
terminates at a magnetic field of about 35 T27. For com-
parison of theory with experiment, we need to convert
magnetic energy b in Kelvins into magnetic field B in
Teslas. The conversion coefficient can be estimated as
B/b = µ−1eff = 1.2 T/K using the effective magnetic mo-
ment µeff = | 〈A2|Lz + 2Sz |A1〉 |µB = 1.25µB quoted in
Ref. 7. However, for b3 = 0.93 K in Fig. 1, this µeff gives
the terminating field B3 = 1.1 T, which is far short of
the 35 T seen in experiment. This discrepancy can be
resolved in two ways.
5FIG. 3. Phase diagram as in Fig. 1 recalculated using ∆ = 7 K
and γ = 525 K (in contrast to ∆ = 17.5 K and γ = 64 K in
Fig. 1). Notice the greater scale for the magnetic energy b.
The value b3 = 0.93 K shown in Fig. 1 was obtained for
particular values of the unknown parameters ∆, Jy+, and
γ and can be increased by adjusting those parameters. A
formula for b3 is derived in Appendix A, and the maximal
value b
(max)
3 = THO is achieved in the limit γ → ∞ and
∆ → 0. Using µ−1eff = 1.2 T/K and b(max)3 = THO =
17.5 K, we obtain B3 = 21 T, which is closer to the
experimental value.
Moreover, the conversion coefficient µeff can be esti-
mated from experiment, rather than from the theoretical
quote in Ref. 7. The staggered moment observed in the
antiferromagnetic phase in experiment16 is mAF = 0.3µB
per uranium atom. Comparing with the theoretical for-
mula in Eq. (B5) in Appendix B, we find µeff = 0.3µB
in the limit ∆ → 0, which is four times lower than the
prior estimate. Combining this estimate for µeff with the
estimate for the maximal b
(max)
3 = THO = 17.5 K, we
obtain B3 = 87 T, which exceeds 35 T by a wide margin.
It shows that the theoretical estimate of the HO termi-
nating magnetic field can be made large enough to match
experiment by tuning the parameters of the model.
For illustration we repeat the calculation for alterna-
tive values ∆ = 7 K and γ = 525 K and the correspond-
ing generated values of Jx− = 2∆/ tanh(∆/THO) = 37 K,
Jy+ = J
y
− = 2∆/ tanh(∆/TAF) = 32 K, and µeff ≈
0.33µB . The new phase diagram, shown in Fig. 3, shares
qualitative features with Fig. 1, but the characteristic
energies b1 and b2 are interchanged. The HO termina-
tion energy b3 = 6 K translates into B3 = 27 T, and the
field-reversal energy b1 = 4 K translates into B1 = 18 T.
So, there is a wide range of possible values for the
characteristic fields B1 and B3 depending on the model
parameters. However, the phase diagram of URu2Si2 in a
strong magnetic field is complicated with multiple phase
transitions28–30 not captured by our simple model. Addi-
tionally, the applicability of the Haule-Kotliar framework
in very strong fields is not clear, as the basis states may
change. So, our model should be primarily considered
a qualitative, rather than quantitative, guide to experi-
ment.
VII. CONCLUSIONS
We have proposed a theoretical scenario reconciling
the TR invariance of the HO state with observation of
a non-zero magnetic-field-induced PKE4. Competition
between the real and imaginary parts of a complex order
parameter in a generalized Haule-Kotliar model7 results
in either ground-state HO or metastable FM, depending
on the path taken through the phase diagram. Our the-
ory can be tested by applying a strong enough reversed
magnetic field at low temperature, which should trigger a
transition from FM to HO and cause the PKE to vanish.
Although some issues remain open in our scenario, it has
the advantage of giving a unified description of the HO
and FM states within a single theoretical model without
invoking extrinsic effects.
In principle, the general approach presented in our pa-
per can be adapted to other two-level models of HO in
the literature. In particular, the hastatic order proposed
in Refs. 31 and 32 is based on the 5f3 configuration de-
scribed by the effective spin 1/2 and could also be used
to explain intrinsic magnetism. However, the hastatic
model predicts an in-plane magnetic moment in the HO
phase which is not observed experimentally33,34.
A non-zero PKE is also observed in the superconduct-
ing phase of URu2Si2
4 emerging from the HO phase be-
low Tc = 1.5 K. A generalized model for the two sepa-
rate TR symmetry breakings in the HO and supercon-
ducting phases, independently controllable by a training
magnetic field4, remains a challenge for future study.
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Appendix A: The magnetic field terminating hidden
order
Here we evaluate the critical magnetic field energy b3
corresponding to the termination of HO at T = 0 on the
phase diagrams shown in Figs. 1 and 3. It can be derived
7from the free energy in Eq. (5) at T = 0,
f [ψHO, ψFM]= J
x
−ψ
2
HO + J
y
+ψ
2
FM + γψ
2
HOψ
2
FM (A1)
−
√
∆2 +
(
Jx−ψHO
)2
+
(
Jy+ψFM + b
)2
.
A general consideration is somewhat complicated, so we
study the limiting cases of γ = 0 and γ →∞.
The case of γ = 0 corresponds to the Haule-Kotliar
model of Ref. 7, but we arrive at a different result for b3.
At γ = 0, minimization of the free energy in Eq. (A1)
gives two equations ∂f/∂ψHO = ∂f/∂ψFM = 0:
2ψHO =
Jx−ψHO√
∆2 + (Jx−ψHO)2 + (J
y
+ψFM + b)
2
, (A2)
2ψFM =
Jy+ψFM + b√
∆2 + (Jx−ψHO)2 + (J
y
+ψFM + b)
2
. (A3)
From Eq. (A2) we find
2
√
∆2 + (Jx−ψHO)2 + (J
y
+ψFM + b)
2 = Jx−, (A4)
and then from Eq. (A3) we find ψFM = b/(J
x
−−Jy+). The
HO vanishes at the termination field b = b3, where ψHO =
0. Using these values for ψHO and ψFM in Eq. (A4), we
find a formula for b3:
b3(γ = 0) =
Jx− − Jy+
2
√
1−
(
2∆
Jx−
)2
. (A5)
Eq. (A5) replaces an incorrect formula on page 3 of Ref. 7
for the critical field bc corresponding to our b3. The for-
mula in Ref. 7 gives bc ∝ Jx−+Jx+, which cannot be valid,
because a correct formula must give b3 → 0 in the limit
Jx− → Jy+, where an infinitesimal magnetic field would be
necessary to favor FM over HO.
In the case γ → ∞, the term γψ2HOψ2FM in Eq. (A1)
imposes a high energy penalty for the co-existence of ψHO
and ψFM, so we set ψFM = 0. Using this value and ψHO
= 0 in Eq. (A4), we find
b3(γ →∞) =
Jx−
2
√
1−
(
2∆
Jx−
)2
=
∆
sinh( ∆THO )
, (A6)
where the second equality follows from 2∆/Jx− =
tanh(∆/THO).
Comparing Eqs. (A5) and (A6), we observe that the
highest termination field is achieved in our model in the
limit γ →∞ and ∆→ 0, where Eq. (A6) gives
b
(max)
3 = THO. (A7)
Appendix B: The Staggered Magnetic Moment
Here we evaluate the staggered magnetic moment in
the antiferromagnetic phase under pressure. We intro-
duce a local magnetic field bj , so that the free energy is
given by Eq. (3) with b→ bj . The local on-site magnetic
moment mj at bj = 0 and T = 0 is given by
mj = − ∂F
∂Bj
= −µeff ∂F
∂bj
= (B1)
= µeff
(∑
k J
y
jkψ
y
k
)
√
∆2 +
(∑
k J
x
jkψ
x
k
)2
+
(∑
k J
y
jkψ
y
k
)2 . (B2)
In the antiferromagnetic phase, we have ψyn =
(−1)nψAF and ψxn = 0, so the staggered magnetic mo-
ment is mn = (−1)nmAF where
mAF = µeff
Jy−ψAF√
∆2 + (Jy−ψAF)2.
(B3)
Using the minimum condition ∂f/∂ψAF = 0 for f in
Eq. (4) at T = 0, we find
ψAF =
√
1−
(
2∆
Jy−
)2
(B4)
and
mAF = µeff
√
1−
(
2∆
Jy−
)2
=
µeff
cosh(∆/TAF)
. (B5)
where we have used 2∆/Jy− = tanh(∆/TAF).
The formula for the staggered magnetic moment
m(0,0,1) given on page 3 of Ref. 7 differs from our Eq. (B5)
by an extra factor of 1/2, which we believe is incorrect.
